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The primary structure ofglucoamylase G1 (EC 3.2.1.3) from Aspergillus niger has been determined. Fragments of 
GI were obtained by cleavage with either cyanogen bromide, hydroxylamine, or S. aureus V8 protease. The resulting 
peptides were separated using ion exchange chromatography on DEAE-Sephacel, gel filtration, and affinity chro- 
matography on Con A-Sepharose. Secondary fragments were generated by cleavage with either o-iodosobenzoic acid 
or BNPS-skatole as well as by digestion with S. aureus V8 protease, trypsin, and endoproteinase Lys-C. These 
peptides were purified by the procedures mentioned above and by reverse phase HPLC. The present fragments were 
amino acid sequenced and this permitted, in combination with the tryptic peptides (Carlsberg Res. Commun. 48, 517- 
527 (1983)), identification of 574 of the 614 amino acid residues in Gl. Sequencing of glucoamylase Gl cDNA, 
constructed from A. niger total mRNA, enabled deduction of the sequence of the remaining 40 amino acid residues 
localized to 6 short stretches. From the alignment of the fragments the complete primary structure of the enzyme was 
established. The amino acid sequence corresponds to a molecular weight of the polypeptide moiety of 65,424. 
Including both hexosamine and neutral carbohydrate contents the molecular weight of the present sample of G1 was 
calculated to be about 82,000. 

The majority of the carbohydrate of Gl is found in a highly glycosylated region of 70 amino acid residues which 
comprises about 35 O-glycosyl serine and threonine residues. This region ends approximately 100 residues from the 
C-terminus of the enzyme. Two N-glycosylated positions were found in the central part of the polypeptide chain. The 
molecule contains 9 half-cystine residues. No homology is apparent between the sequence of glycoamylase and 
various at-amylases. 

Abbreviations: BNPS-skatole = 2-(2-nitrophenylsulfenyl)-3-methyl-3'-bromoindolenine; ca = citraconyl; Con A = 
concanavalin A; DFP = diisopropylfluorophosphate; DPCC = diphenylcarbamyl chloride; EDTA = ethyl- 
enediaminetetraacetic acid, disodium salt; Hepes = N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid; Nemac = 
N-ethylmorpholine acetate; HPLC = high pressure liquid chromatography; PTH = phenylthiohydantoin; SDS-PAGE 
= polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate; 2-pe = 2-pyridylethyl; G I designates 
the larger and G2 the smaller of the forms ofglucoamylase from A. niger (44). 
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1. INTRODUCTION 
Glucoamylases (l,4<t-D-glucan glucohydro- 

lase, EC 3.2.1.3) are industrially important en- 
zymes, which catalyze the release of D-glucose 
from the non-reducing ends of starch and related 
oligo- and polysaccharides (32, 35). The gluco- 
amylases are produced by a wide variety of mi- 
croorganisms (15, 17, 28, 32, 45, 48). They fre- 
quently exist in multiple forms of which only the 
larger, referred to as G1, has the capacity to ad- 
sorb to and digest raw starch (33, 44, 49). Partial 
amino acid sequence analysis of GI and the 
smaller form G2 from A. niger suggested that the 
two forms have highly homologous structures, 
although G1 is extended with a C-terminal frag- 
ment that is lacking in G2 (44). 

The glucoamylase from A. niger is an unusual 
glycoprotein. It is rich in mannose and carries a 
large number of short sugar units linked to serine 
and threonine (33, 34, 44) which are mostly lo- 
cated in a highly gtycosylated region comprising 
70 amino acid residues (43). Evidence for a few 
additional attachment sites for carbohydrate 
outside this region has been obtained; among 
these are two N-glycosylated asparagine resi- 
dues. 

In view of the wide commercial interest in 
glucoamylases and the future usefulness in stud- 
ies of their structure-function relationships, we 
report the completion of the amino acid se- 
quence ofglucoamylase G1 from A. niger which 
has been achieved by a combination of results 
from peptide and cDNA sequencing. 

2. MATERIALS AND METHODS 
2.1. Materials 

Homogeneous glucoamylase G1 from As- 
pergillus niger was prepared as described by 
SVENSSON et al. (44) from AMG 200L (Batch 
ASN 5192), a commercial preparation of the en- 
zyme produced by Novo Industries, Bagsva~rd, 
Denmark. 

Bio-Gels P-150, P-100, P-60, P-30, P-10, P-6, 
and P-2 were from Bio-Rad, Richmond, CA. 
DEAE-Sephacel and Con A-Sepharose were 
products of Pharmacia Fine Chemicals, Upp- 
sala, Sweden. Dithiothreitol, DPCC-treated 
trypsin, DFP-treated carboxypeptidase B, 
cyanogen bromide, tryptamine hydrochloride, 
and nuclease S1 (EC 3.1.30.1; from Aspergillus 

oryzae) were from Sigma, St. Louis, MO. S. au- 
reus V8 protease was from Miles, Stoke Poges, 
U.K.; endoproteinase Lys-C was from Boeh- 
ringer, Mannheim, ER.G.; 2-vinylpyridine was 
from Aldrich-Europe, Beerse, Belgium; 
o-iodosobenzoic acid and BNPS-skatole were 
from Pierce, Rockford, IL. Hydroxylamine hy- 
drochloride, citraconic anhydride and tyramine 
hydrochloride were obtained from Merck, 
Darmstadt, ER.G.. Trifluoroacetic acid was 
from Rathburn, Walkerburn, Scotland, as were 
reagents and solvents for the sequencer except 
ethylacetate which was from Merck. Carboxy- 
peptidase Y was prepared in this laboratory. 
Spectrapor dialysis tubings with cutoff at mo- 
lecular weights of 3,500 and 6,000-8,000 were 
from Spectrum medical Instruments, Los An- 
geles, CA. DNA polymerase I "Klenow frag- 
ment" (EC 2.7.7.7; from E. coli), and 
oligo(dT)~2.~8 were purchased from P-L Bio- 
chemicals, Milwaukee, WI. Reverse transcrip- 
tase (RNA-dependent DNA polymerase, EC 
2.7.7.4; from avian myeloblastosis virus) was 
purchased from J.W. Beard, Life Sciences, St. 
Petersbourg, FL. Terminal deoxynucleotidyl 
transferase (EC 2.7.7.31) was from Bethesda Re- 
search Laboratories, Gaithersburg, MD. Restric- 
tion endonucleases were from New England Bio- 
Labs., Beverly, MA. RNasin (human placenta 
ribonuclease inhibitor) was from Biotec, Madi- 
son, WI. Oligo(dT)-cellulose was type T-2 from 
Collaborative Research, Waltham, MA. [=.32p]. 
dCTP (3,200 Ci/mmol) and [:t-32P]-dATP (3,200 
Ci/mmol) were obtained from New England Nu- 
clear. 

2.2. Methods 
2.2.1. Chemical modifications 

Glucoamylase G1 was dissolved (60 m g  ml-9 
in 7 M-guanidine hydrochloride, 0.2 M-Tris-HC1 
and 5 mM-EDTA pH 8.3 and treated with di- 
thiothreitol followed by 2-vinylpyridine to yield 
2-pyridylethylated G1, as earlier reported (12, 
43). Citraconylation was performed a.m. Dixon 
and PERHAM and deglycosylation of peptides 
a.m. MORT and LAMr'ORT (5, 30, 43). 

2.2.2. Procedures for cleavage of peptide bonds 
In order to ensure that the methionine resi- 

dues were in the reduced state prior to cyanogen 
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bromide cleavage, GI was dissolved in the 
guanidine hydrochloride/Tris-HC1 buffer (sec- 
tion 2.2.1) and treated with 5% (vol/vol) 
2-mercaptoethanol for 24 hours at room tem- 
perature (19). The solution was then dialyzed 
against 10% (vol/vol) ethanol, containing 0.1% 
2-mercaptoethanol, and lyophilized. The re- 
duced G1 was dissolved (50 mg. ml -l) in 70% 
(vol/vol) trifluoroacetic acid containing CNBr 
(50 mg. ml -~) and tryptamine hydrochloride 
(7.5 mg- ml-~). The reaction mixture was left for 
20 hours, then 20 volumes of water was added 
and CNBr and solvent were removed by lyophil- 
ization. The cyanogen bromide fragments were 
reduced and alkylated (section 2.2.1) and subse- 
quently separated by DEAE-Sephacel chro- 
matography (section 2.2.3). 

Cleavage with hydroxylamine was performed 
in principle as reported by BORNSTEIN and BAL- 
IAN (3). The freshly prepared reagent was 2 M-hy- 
droxylamine in 6 M-guanidine hydrochloride, 
adjusted to pH 9.0 with 4.5 M-lithium hydroxide 
and equilibrated for 5 minutes at 45 ~ 2-pe-Gl 
was dissolved (2-5 mg- ml -L) immediately in the 
reagent and incubated for 2-4 hours at 45 ~ 
during which period the pH was maintained at 
9.0 by addition of lithium hydroxide. The reac- 
tion mixture was centrifuged, the supernatant 
obtained was passed through Bio-Gel P-2 in 0.05 
M-ammonium bicarbonate to remove reagent 
and denaturant and the fragments were subse- 
quently separated on Bio-Gel P-100. 

Cleavage at the C-terminus oftryptophan resi- 
dues was performed using either o-iodosoben- 
zoic acid or BNPS-skatole according to pro- 
cedures described by MAHONEY et al. (25) and 
FONTANA et al. (10), respectively. All reactions 
were carried out in the dark at room tempera- 
ture. o-Iodosobenzoic acid (20 mg. ml -~) and 
tyramine hydrochloride (4mg-ml -~) in 4 
M-guanidine hydrochloride and 80% in acetic 
acid were preincubated for 6 hours. The sepa- 
rated cyanogen bromide fragments were dis- 
solved (2-5 mg. ml -~) in the reagent and the solu- 
tion was left for 22 hours. The reaction was then 
stopped by gel filtration on Bio-Gel P-6 in 30% 
acetic acid. For each of the cyanogen bromide 
fragments the two pools of peptides obtained 
were lyophilized. The C-terminal cyanogen bro- 
mide fragment (2-8 mg. ml -j) was also cleaved 

by BNPS-skatole (82 mg. ml -j) in 4 M-guanidine 
hydrochloride and 80% in acetic acid in the pre- 
sence of tyrosine (20 mg. ml-I). After 18 hours 
with stirring 20 volumes of water were added to 
the reaction mixture and BNPS-skatole was re- 
moved by extraction with diethylether. The aq- 
ueous phase was adjusted to pH 7.0 with NH3, 
aq., and passed through Bio-Gel P-2 in 0.1 M-am- 
monium bicarbonate. The pool of peptides was 
lyophilized. 

The N-terminal cyanogen bromide fragment 
(l mg. ml -~) was digested with endoproteinase 
Lys-C (1:150, wt/wt; 16 hours at 37 *C) in 0.06 
M-ammonium bicarbonate pH 7.7 (38). The 
C-terminal cyanogen bromide fragment (4 
mg. ml -~) was digested with S. aureus V8 pro- 
tease 0:40, wt/wt; 3 hours at 40 ~ in 0.1 M-am- 
monium bicarbonate pH 7.8. Digestion of 2-pe- 
G1 (1.2 mg. ml -~) with the same enzyme (1:40, 
wt/wt; 12 hours at 40 ~ was carried out in 0.07 
M-sodium phosphate pH 7.6 to achieve cleavage 
after both glutamic acid and aspartic acid resi- 
dues 06). Peptide fragments (2 mg. ml -l) were 
digested with trypsin (1:50, wt/wt; 2-4 hours at 
37 ~ in 0.1 ~,l-ammonium bicarbonate pH 7.8, 
0.1 m M-calcium chloride. 

2.2.3. Separation of peptides 
Cyanogen bromide fragments, some of their 

subfragments, and selected hydroxylamine frag- 
ments were purified on DEAE-Sephacel (1.6• 
cm) which was equilibrated in 7 M-urea, 0.05 
M-Tris-HCI pH 8.0. Elution was performed with 
this buffer (200 ml) followed by a linear gradient 
from zero to 0.2 M-guanidine hydrochloride in 
the same buffer (2x600 ml). Pools of peptides 
were desalted by dialysis against 0.05 M-am- 
monium bicarbonate using Spectrapor dialysis 
tubing and lyophilized. Smaller peptides were 
desalted by gel filtration through Bio-Gel P-6 in 
either 0.05 M-ammonium bicarbonate or 30% 
acetic acid. 

Separation of peptides (1-15 mg) by gel filtra- 
tion was performed through either Bio-Gels 
P-150, P-100, P-60, P-30, P-10, or P-6 (1.5x90 
cm) in 0.2 M-ammonium bicarbonate pH 7.8, 
unless otherwise specified. 

Glycopeptides, generated by digestion with S. 
aureus V8 protease or cleavage with BNPS- 
skatole, were purified by affinity chromatogra- 
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phy on Con A-Sepharose in principle as earlier 
described (43). 

A Waters chromatograph was used for pu- 
rification of peptides by reverse phase HPLC on 
a Wide Pore C~s column, i.d. 4.6 mm and length 
25 cm, from J.T. Baker Research Products (43). 
Elution was performed with linear gradients 
from 0.1% trifluoroacetic acid to 0.1% tri- 
fluoroacetic acid in 80% l- or 2-propanol (24). 

2.2.4. Amino acid sequence analysis 
Automated sequencing was performed with a 

Beckman Sequencer 890C and PTH-amino 
acids were identified as recently described (8, 18, 
20, 41, 43). PTH-2-pe-Cys was identified in the 
water phase. After oxidative halogenation PTH- 
Tyr coeluted with PTH-Val by HPLC. Digestion 
with carboxypeptidase B (0.02 mM) was per- 
formed at a molar ratio from 1:100 to 1:500 in 
0.05 M-Nemac pH 8.5 at room temperature or in 
0.05 M-Hepes pH 7.5 at 40 ~ Carboxypeptidase 
Y (0.02 mM) in 0.1 M-Nemac pH 5.0 at a molar 
ratio from 1:100 to 1:1000 was used either alone 
or after carboxypeptidase B. Aliquots were re- 
moved at appropriate time intervals and the 
amino acids released were determined. 

2.2.5. Preparation of mRNA 
Aspergillus niger cells growing at conditions 

optimized for glucoamylase production were 
pelleted at 10,000xg and 4 ~ for 10 minutes. The 
pelleted cells were frozen in liquid nitrogen and 
stored at +80 ~ until RNA extraction. 

To extract the RNA, 5 g of frozen cells were 
pulverized under liquid nitrogen in a mortar. 
Quartz was added to disrupt the cell wall. The 
resulting powder was suspended in 60 ml of a 
buffer containing 5 M-guanidinium rhodanide, 
50 mM-Tris-HC1 at pH 7.5, 10 mM-EDTA, 5% 
(vol/vol) 2-mercaptoethanol, 4% (wt/vol) N-lau- 
roylsarcosine, and 15% (wt/vol) CsC1. A few 
strokes with an Ultra Turrax homogenizer was 
used to decrease the viscosity of the suspension 
by shortening the length of chromosomal DNA 
from the cells. After pelleting insoluble material 
at 10,000xg at 4 ~ for 15 minutes, total RNA was 
isolated from the supernatant as described (4) by 
pelleting through a 5.7 M-CsCI/100 mM-EDTA 
cushion in an SW41 Beckman rotor run at 
37,000 rpm for 18 hours at room temperature. 

Poly(A)-containing RNA was obtained by two 
cycles of chromatography on oligo(dT)-cellulose 
(1). 

2.2.6. Construction and cloning of double- 
stranded glucoamylase G1 cDNA 

Double-stranded Aspergillus niger cDNA was 
synthesized and cloned on pBR327 in E. coli by 
procedures as described (2). Details of the clon- 
ing and the identification of glucoamylase G1 
specific recombinants in the resulting cDNA li- 
brary will be presented elsewhere, 

2.2. 7. Analytical procedures 
The amino acid composition, contents of 

O-glycosylated serine and threonine residues, 
glucosamine, and neutral carbohydrate were de- 
termined as previously reported (6, 7, 43). SDS- 
PAGE was carried out for selected large frag- 
ments a.m. LAEMMU (22) using 15% acrylamide 
gels as earlier described (42). The DNA sequence 
of the inserts in glucoamylase G1 specific recom- 
binants was determined by the chemical cleava- 
ge procedure (27). 

2.2.8. Peptide nomenclature 
Fragments obtained by cleavage of gluco- 

amylase G1 with cyanogen bromide are named 
CB fragments and designated CBI-CB3, starting 
from the N-terminus of the protein. The 
hydroxylamine fragments (Hy) and S. aureus V8 
protease fragments (E) from G1 are similarly 
numbered. 

Secondary fragments purified after either 
cleavage at tryptophan residues (W), or diges- 
tions with trypsin (T), with trypsin after cit- 
raconylation (Tca), with endoproteinase Lys-C 
(K), or with S. aureus V8 protease (E) are named 
according to their position in the primary frag- 
ment, viz. W2-CB1 is the second from the N-ter- 
minus of the isolated tryptophan peptides from 
CBI. The numbering of the tryptic fragments 
prepared from 2-pe-G1 and citraconylated 2-pe- 
G1 is as published (43). Thus of the sequenced 
peptides found in pool 6 from the gel filtration 
through Bio-Gel P-100, T6-3 was the third to be 
released from the HPLC column (43). Localiza- 
tion of the fragments in the G1 sequence is often 
indicated by a parenthesis with the numbers of 
their N- and C-terminal residues. 
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3. RESULTS 
3.1. Cyanogen bromide fragments 

The glucoamylase GI from A. niger contains 
two methionines. When the enzyme was cleaved 
with cyanogen bromide and the mixture of frag- 
ments was sequenced, the N-termini of CBI, 
CB2, and CB3 were found to be present in yields 
of 100%, 82%, and 70%, respectively. This im- 
provement, compared with the previous results 
(44), is explained by the trifluoroacetic acid 
effecting better cleavage than the weaker formic 
acid of the Met-Set bond (39). The 2-pyri- 
dylethylated CB fragments were separated by 
ion exchange chromatography on DEAE- 
Sephacel (Figure 1). Pool A contained CB1, while 
CB2 and CB3 were found in pools D and B, 
respectively. Pool C contained incompletely 
cleaved fragments. Materials from the different 
peaks within pool A (Figure 1) had essentially 
the same amino acid composition suggesting 
charge heterogeneity within CB1. Consistent 
with this, both aspartic acid and asparagine were 
found by the automated sequencing at positions 
20 and 21 from the N-terminus of CB1. 

The amino acid composition, contents of 
O-glycosylated serine and threonine, glucos- 
amine, and neutral carbohydrate were deter- 
mined after rechromatography of the CB frag- 
ments (Table I) and agree with the results found 
for intact GI. Deglycosylation of GI by HF at 
0 ~ for 3 hours removed one glucosamine resi- 
due, suggested to be the residue found in CB3. 
From 'the absence of homoserine and homo- 
serine lactone in CB3 and the identical N-term- 
inal sequences of CB1 and GI (44), the order of 
the fragments in the primary structure was estab- 
lished to be CBI(1-133)-CB2(134-396)-CB3(397- 
614) (Figure 2). In Figure 2 (after page 542) are 
also aligned tryptic fragments (43) and the frag- 
ments discussed below, which enabled the re- 
construction of the amino acid sequence of G1. 

3.2. Hydroxylamine fragments 
The hydroxylamine fragments of G1 were sep- 

arated by gel filtration on Bio-Gel P-100 (Figure 
3). The subsequent steps of purification and the 
positions of the purified peptides in the sequence 
are listed in Table II. Hyl-Hy4 were generated by 
cleavage of Asn-Gly bonds, and Hy5 by the ex- 
ceptional cleavage of the Asn-Ser bond found 
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Figure 1. Separation of cyanogen bromide fragments 
(260 mg) on DEAE-Sephacel (see 2.2.3). Fractions of 11 
ml were collected, pooled as indicated and subsequently 
rechromatographed in the same system. The CB frag- 
ments are described in Table I. 

within Hy4. The apparent molecular weights of 
Hyl, Hy3, and Hy4 were estimated by SDS- 
PAGE to be 11,000, 16-19,000, and 44,000, re- 
spectively. The elution position of Hy4 from Bio- 
Gel P-100 (Figure 3; Table II) suggested a folded 
conformation for this long fragment representing 
the C-terminal half of the polypeptide chain of 
GI. 

3.3. S. aureus V8 protease fragments 
2-Pyridylethylated G 1 was digested with S. au- 

reus V8 protease in the presence of phosphate. 
The resulting glycopeptides were isolated by Con 
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Figure 3. Separation of hydroxylamine fragments (21 
mg) on Bio-Gel P-100 (2.5x90 cm). The indicated pools, 
A, B, C, E, and F were further purified to give the frag- 
ments described in Table II. 
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Table I. 
Chemical characterization of cyanogen bromide fragments of glncoamylase GI from AspergiUus niger. 

Amino acid Residues/fragment Residues/protein 
CB 1 CB2 CB3 CB(1 +2+3) G 1 

Asparticacid 18.4 (18) 30.5 (31) 18.6 (19) 68 67.3 (67) 
Threonine a) 11.6 (12) 19.6 (20) 40.6 (41) 73 72.5 (73) 
Serine ~ 15.1 (15) 33.8 (34) 33.9 (34) 83 83.6 (84) 
Glutamicacid 7.4 (7 )  21.1 (21) 15.0 (15) 43 43.2 (43) 
Proline 6.0 (6 )  7.4 (7 )  8.9 (9 )  22 22.9 (23) 
Glycine 13.4 (13) 17.4 (17) 15.2 (15) 45 45.3 (45) 
Alanine 14.0 (14) 26.7 (27) 21.0 (21) 62 62.0 (62) 
Valine b~ 7.8 (8 )  16.8 (17) 14.6 (15) 40 40.3 (40) 
Methionine 2.2 ( 2 )  
Isoleucine b) 6.7 (7 )  9.0 (9 )  7.1 (7 )  23 22.9 (23) 
Leucine 11.5 (12) 21.0 (21) 11.2 (11) 44 45.1 (45) 
Tyrosine 4.3 (4 )  14.3 (14) 9.0 (9 )  27 27.0 (27) 
Phenylalanine 3.2 (3 )  15.0 (15) 3.9 (4 )  22 21.9 (22) 
Histidine 0.2 (0 )  3.8 (4 )  0.3 (0 )  4 4.2 (4 )  
2-pe-Cysteine c) 0.2 (0 )  4.6 ( 5)0 2.5 (3 )  8 7.9 (8 )  
Lysine 1.8 ( 2 )  4.6 (5 )  4.5 (5 )  12 11.5 (12) 
Arginine 5.7 (6 )  6.3 (6 )  5.5 (6 )  18 18.4 (18) 
Homoserine dl 0.7 (1 )  0.8 (1 )  n.d. 2 
Tryptophan e) 3 (3 )  8 (8 )  7 (7 )  18 18 18 

Total number of residues 131 262 221 614 616 

O-Glycosylatedthreonineg) 2.6 (3 )  2.4 (2 )  21.1 (21) 
O-Glucosylatedserines) 0.7 (1 )  4.2 (4 )  16.0 (16) 
Neutral carbohydrate ~) 5.3 21 73 
Glucosamine ~) trace 4.0 1.0 

a) Extrapolated to zero time of hydrolysis 
b) Value after 72 hours of hydrolysis 
c) 2-Pyridylethyl-cysteine (12) 
d) Sum ofhomoserine and homoserine lactone; n.d. means not detected 
e) From the sequence determination 
f) By sequencing, six 2-pe-Cys were found in CB2 
g) Determined by reductive 13-elimination followed by amino acid analysis (6) 
h) Determined by the phenol-sulfuric acid procedure (7) using mannose as standard 
i) Determined on the amino acid analyzer after acid hydrolysis (43) 

The sizes of the CB fragments were based on: CBI, 6 Pro and 14 Ala; CB2, 21 Leu and 15 Phe; CB3, 15 Glu and 21 Ala. 
The apparent molecular weights were found by SDS-PAGE to be 40,000, 35,000, and 12,000 for CB2, CB3, and CBI, 
respectively. 

A-Sepharose chromatography and subsequently 
separated by gel filtration through Bio-Gel P-60 
which led to isolation of  a large, glycosylated 
fragment, E1(438-518), with C-terminal aspartic 
acid. Digestion of  E1 with carboxypeptidase Y 
was performed after deglycosylation. A domi- 
nating front peak containing E1-CB2(298-387, 

and in part 298-340) was obtained by separation 
of  S. aureus V8 protease digests of  CB2 on Bio- 
Gel P-100. The fragments obtained from CB3 by 
digestion with the S. aureus V8 protease were 
separated on DEAE-Sephacel (Figure 4). Two 
peptides were purified by gel filtration of  pool A 
on Bio-Gel P-6. One was similar to E1 and the 
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Table II. 
Purification of hydroxylamine fragments after separation on Bio-Gel P-IO0. 

Pool Purification procedure Fragment 
(Figure 3) 

Hy3 (181-311) 
Hy4 (312-614) 
Hy5 (429-614) 

A Bio-Gel P-150 
B DEAE-Sephacel, eluted at 0.07 M-GuHCI 
C Bio-Gel P-60 
E DEAE-Sephacel, eluted at 0.03 M-GuHCI followed by Bio-Gel P-60 in 0.02 

M-GuHCI, 0.05 M-Tris-HC1, pH 7.6 Hyl (68-143) 
F Bio-Gel P-100 followed by Bio-Gel P-60 Hy2 (144-180) 

Chromatography on DEAE-Sephacel was followed by rechromatography in the same system. Gel filtration was 
performed as described in section 2.2.3 except in the case ofHyl. Hy5 is not included in Figure 2. 
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03 ment of  the protein (Figure 2). Pool B contained 

12 ,EE the N-terminal fragment of  CB3, Ser(397)- 
Glu(437). Pools C and D were further purified by 

6 ~ gel filtration on Bio-Gel P-6 and P-10, respec- 
I-- tively, to yield E1-CB3(528-542) and E2- U 

4 ~ CB3(543-574). 
z 
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to 

Figure 4. Separation of S. aureus V8 protease fragments 
from CB3 on DEAE-Sephacel (1.6x35 cm). Fractions of 
5.5 ml were collected, pooled (indicated by bars) and 
further purified as described in 3.3. 
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Figure 5. Separation on Bio-Gel P-60 of the larger frag- 
ments (4 mg) obtained by cleavage of CB2 with 
o-iodosobenzoic acid. The pools A and B were sub- 
jected to automated sequencing. 

3.4. Tryptophan fragments 

Fragments of  CB1 obtained by treatment with 
o-iodosobenzoic acid were separated when the 
reagents were removed by gel filtration through 
Bio-Gel P-6 (see 2.2.2). Automated sequencing 
of  the front pool showed WI-CB1, starting at 
Thr(51), to be a major component. Thus cleav- 
age had occurred after Tyr(50) (Figure 2) even in 
the presence of  tyramine hydrochloride. The 
smaller peptides in the second pool were sepa- 
rated by HPLC; W2-CBl(I19-133) eluted at 18% 
1 -propanol. 

The larger peptides generated by cleavage of  
CB2 with o-iodosobenzoic acid were fraction- 
ated on Bio-Gel P-100 (Figure 5). Pool A con- 
tained Wl-CB2, which could only be sequenced 
for a few cycles because of  a sudden drop in re- 
petitive yield at Asn(180), probably due to reac- 
tions with the peptide bond to the adjacent 
Gly(181) (Figure 2). Pool B contained W2- 
CB2(227-315). 

The fragments obtained by o-iodosobenzoic 
acid cleavage of  CB3 were separated by DEAE- 
Sephacel chromatography (Figure 6). Pools A, B, 
and C were passed through Bio-Gel P-30 to give 
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W2-CB3(465-541, with a significant content of 
465-530), W1-CB3(435-464) (not shown in Fig- 
ure 2), and W4-CB3(562-588), respectively. Both 
WI-CB3 and W2-CB3 were sequenced before 
and after deglycosylation. Fragments of CB3 
were also prepared by cleavage with BNPS- 
skatole and separated on Bio-Gel P-30 (Figure 
7). The pool A was passed through Con 
A-Sepharose. The non-adsorbed and the ad- 
sorbed fractions were subsequently fractionated 
on Bio-Gel P-30 to yield W3-CB3(542-561) and 
W5-CB3(589-613), which coeluted wit h equimo- 
lar amounts of WI-CB3(435-464). The type of 
bond between the two latter peptides was not 
identified, but a disulfide might have formed 
from Cys(447) and Cys(602) as a result of in- 
complete reduction and alkylation. When se- 
quencing W5-CB3, no vacant positions were ob- 
served and this would indicate the absence of 
carbohydrate side chains. However, it cannot be 
excluded that the fragment was retained on Con 
A-Sepharose because some of the serine and 
threonine residues were partially glycosylated. 

3.5. Digestions with endoproteinase Lys-C and 
trypsin 

The digest of CB1 with endoproteinase Lys-C 
was fractionated on Bio-Gel P-60 (Figure 8). 
Pool A contained K1-CBI(60-106) and pool B 
K2-CBI (107-133, and significant amounts of 
108-133). A chyrnotrypsin-like specificity of an 
endoproteinase Lys-C preparation was pre- 
viously observed (38). The same bond, Phe(107)- 
Asn(108), was also susceptible to trypsin. The 
only other example in GI of trypsin catalyzing 
the hydrolysis at an atypical residue seemed to be 
in the case of fragment Tca2-1, terminated by 
Phe(517) (43). 

In addition to the tryptic fragments from 2-pe- 
G1 and citraconylated 2-pe-Gl earlier described 
(43) and shown in Figure 2, a few tryptic subfrag- 
ments, which have been useful for the recon- 
struction of the amino acid sequence, were pre- 
pared. Thus Hy3(181-311) was citraconylated 
and digested with trypsin. Fractionation by 
HPLC resulted in Tcal-Hy3(272-284) eluting at 
16% 2-propanol. Digestion of CB2 with trypsin 
and isolation of the smaller peptides by HPLC 
resulted in TI-CB2(336-350), which eluted at 
26% l-propanol and had not been isolated from 
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Figure 6. Separation on DEAE-Sephacel of fragments 
from CB3 obtained by cleavage with o-iodosobenzoic 
acid. Pools A, B, and C, were separately further purified 
on Bio-Gel P-30. 
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Figure 7. Separation on Bio-Gel P-30 of fragments from 
CB3 (2 mg) obtained by cleavage with BNPS-skatole. 
Pool A was further fractionated by affinity chro- 
matography on Con A-Sepharose, described in 3.4. 
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Figure 8. Separation on Bio-Gel P-60 of fragments (1.5 
mg) from CBI obtained by digestion with endopro- 
teinase Lys-C. Pools A and B were subjected to auto- 
mated sequencing. 

tryptic digests of 2-pe-G1. Other isolated pep- 
tides were T6-2, T6-3 (243-271, not shown in Fig- 
ure 2), T7-3, T8-3 described in an earlier publica- 
tion (43), and T8-3+T7-3(272-284) which eluted 
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Table III. 
Nucleotide sequences enabling the determination of the complete amino acid sequence of glucoamylase G1 from A. 
niger. 

A. Amino acid residues identified only from the cDNA sequence data 

UCU CCG GCU CUG 
Ser Pro - Ala - Leu 
93 126 

AAC CAC GCA UGC GAC GAC UCC ACC UUC CAG CCC 
Asn His Ala - Cys - Asp - Asp - Ser - Thr - Phe - Gin - Pro 
169 191 259 

AGU GAC AGC 
Ser - Asp - Ser 
294 

ACU UAU AGU AGC AUU GUA GAU GCC GUG AGC 
Thr - Tyr - Ser - Ser - Ile - Val - Asp ~ Ala - Val Ser 
367 489 

CCC ACC GCC 
Pro - Thr - Ala 
510 

CUG ACA GCU ACC ACC ACC UAC GGC GAG 
Leu - Thr - Ala - Thr - Thr - Thr - Tyr - Gly - Glu 
519 

B. Confirmation of non-overlapping peptide sequences 

CCG CGC GCG CUC 
Pro - Arg - Ala - Leu 
270 

UUC GAU CUG ACA 
Phe - Asp - Leu - Thr 
517 

UUC CGC UCA AUC 
Phe - Arg - Ser - lle 
283 

UAC GGC GAG AAC 
Tyr - Gly - Glu - Asn 
525 

GUG AAG ACU UUC 
Val - Lys - Thr - Phe 
375 

AGC AAG ACC AGC 
Ser - Lys - Thr - Ser 
496 

at 14% 1-propanol. Digestion o f  T7-3(278-284) 

by carboxypeptidases B and Y in combina t ion  

released stoichiometric amounts  ofArg,  Phe and 

Asp. However, a componen t  eluting between Thr  

and Asp in the chromatogram o f  amino  acids, 

suggested the serine residue which was identified 

by amino  acid analysis after acid hydrolysis o f  

T7-3, to be modified.  A tryptic subfragment o f  

Hy2, Asn(159)-Asn(180), was eluted at 33% 

1-propanol. It contained 1.6 residues o f  glucos- 

amine,  probably bound  to the Asn(169) which 

has been identified by nucleotide sequencing 

(Table III). The  highly glycosylated fragment, 

Tca2-1 (43) was digested with carboxypeptidase 

Y after deglycosylation resulting in identifica- 

t ion o f  the five C-terminal  residues. 

3.6. Molecular doning of glucoamylase specific 
cDNA 

An oligo(dT) pr imed c D N A  library syn- 

thesized from A. niger poly(A)-containing R N A  

was constructed and screened for glucoamylase 

specific recombinants.  D N A  restriction frag- 

ments  were generated from clones with a c D N A  

complementary  to glucoamylase m R N A ,  and la- 

beled with radioactive deoxynucleoside tri- 

phosphates by D N A  polymerase for D N A  se- 

quencing. By this approach sequence informa- 

t ion corresponding to the glucoamylase m R N A  

was obtained and used to determine regions o f  

the pr imary structure o f  A. niger glucoamylase 

(Table III). 

4. D I S C U S S I O N  

The complete  amino  acid sequence o f  

glucoamylase GI  from Aspergillus niger was re- 

constructed from cyanogen bromide,  tryptic 

(43), and hydroxylamine fragments in combina-  

tion with c D N A  sequencing data. The  tryptic 

fragments T7-8 and T5-1 (Tca3-1) contained 

overlapping sequences for the cyanogen bromide  

fragments (43). Fourty out  o f  the 614 amino  acid 

residues have been deduced from the nucleotide 

sequence o f  cloned glucoamylase G1 cDNA.  

Chemical  analysis o f  CBI, the N-terminal  

cyanogen bromide  fragment, indicated a low 

content  o f  carbohydrate and O-glycosylated 
amino  acid residues. Two positions likely to be 
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glycosylated are Thr(47) and Ser(93). Both were 
vacant in automated sequencing, but they have 
tentatively been identified from the amino acid 
composition of the highly purified and other- 
wise fully sequenced tryptic fragments T6-4 and 
T5-2, respectively (43). Ser(93) has been con- 
firmed by the cDNA sequence (Table III). Since 
no other vacant positions were observed during 
automated sequencing of either CBI or frag- 
ments from this region of G1, other positions can 
only be partially glycosylated. A short tryptic 
fragment, T8-1, was isolated after tryptic diges- 
tion of 2-pyridylethylated G1, CBI, or K2-CB1. 
Surprisingly T8-1 seemed unsusceptible to car- 
boxypeptidases B and Y and the sequence 
Pro(126)-Leu(128) was established from the nu- 
cleotide sequence (Table III). 

The central cyanogen bromide fragment, 
CB2, contained 4 glucosamine residues, suggest- 
ing the presence of two N-glycosylated units with 
the common pentasaccharide core (29). One site 
has been identified by dansyi Edman- degrada- 
tion of Tca3-1 (43) to be Asn(393). Accordingly, 
two glucosamine residues were found in each of 
T5-1, Tca3-1, and a short peptide, Thr(388)- 
Hse(396) which was obtained by digestion of 
CB2 with S. aureus V8 protease. Previous ex- 
periments had indicated the content of neutral 
carbohydrate associated with Asn(393) to be 
equivalent to 8 mannosyl residues (43). The sec- 
ond glycosylated position in CB2 is suggested to 
be Asn(169). A tryptic fragment from Hy2, 
Asn(159)-Asn(180), contained 1.6 glucosamine 
residues and furthermore the requirement of an 
Asn-X-Ser/Thr sequence for glycosylation (26) 
would be fulfilled for Asn(169). The cDNA-se- 
quence confirmed Asn at position (169) (Table 
III). No other vacant positions were found by 
automated amino acid sequencing of the region 
covered by CB2 and asparagine residues were 
not represented in the short stretches obtained by 
the cDNA-sequence. Thus Asn(169) and 
Asn(393) are suggested to be the only two fully 
glycosylated asparagine residues of G1. The only 
other potential site of N-glycosylation, Asn(180), 
appeared not to carry carbohydrate, since it was 
identified in automated peptide sequencing and 
the Asn(180)-Gly(181) bond was susceptible to 
cleavage with hydroxylamine. No residues in 
CB2 have been assigned as O-glycosylated. Per- 

haps Ser(282), which appears to be modified, 
carries carbohydrate (see 3.5). Indeed chemical 
analysis indicated the presence of O-glycosylated 
residues in CB2 (Table I). It is, however, assumed 
that they exist only as partially glycosylated posi- 
tions, which would enable the determination of 
the amino acid sequence on the fraction of un- 
glycosylated residues. Furthermore, it cannot be 
excluded that the hydroxyamino acid residues 
identified only by nucleotide sequencing carry 
carbohydrate. 

The sequenced parts of Tcal-l(193-239) and 
W2-CB2(227-315) are overlapped by Thr(227) 
only. However, amino acid compositions of both 
fragments and the part of W2-CB2 overlapping 
with Tca3-2(240-271) justified the alignment. 
Tca3-2 and T6-3(243-271) (see reference 43) 
have only been sequenced to Ala(258) by peptide 
sequencing, while Ala(259)-Pro(267) was de- 
duced from the nucleotide sequence (Table III). 
Tcal-Hy3(272-284) could only fit in Hy3 be- 
tween Tca3-2 and T6-2 and the overlapping se- 
quences were confirmed by cDNA-sequencing 
(Table III). Interestingly carboxypeptidase Y was 
observed to possess the capacity to release C-ter- 
minal 2-pyridylethyl-cysteine, from Tca3-2. T8- 
3(272-277) and T7-3(278-284) were found in 
tryptic digests of both 2-pyridylethylated G1 and 
CB2. The Lys(277)-Glu(278) bond seemed to be 
slowly hydrolyzed by trypsin, since T8-3 and T8- 
3+T7-3(272-284) were isolated in equimolar 
amounts by HPLC oftryptic digests of CB2. Pre- 
sumably the adjacent Glu(278) impeded the ac- 
tion of trypsin at Lys(277). In T6-2, the sequence 
Ser(294)-Ser(296) was deduced from the cDNA 
(Table III). The alignment ofT7-4 and T5-1 was 
also confirmed by nucleotide sequencing. In 
T7-4 the segment represented by Thr(367)- 
Va1(375) was deduced from the cDNA sequence 
(Table III). 

The C-terminal cyanogen bromide fragment, 
CB3, comprises the region characterized by a 
high frequency of glycosylated residues, which 
has recently been described in detail (43). Nu- 
cleotide sequencing confirmed that T2-dTca2-1 
(498-517) follows Lys(497) as previously con- 
cluded (43); the sequence Pro(510)-Ala(512) was 
determined from the cDNA (Table III). The ex- 
act glycosylation pattern in the C-terminal part 
of the glycosylated region, Thr(498)-Thr(51 l), is 
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Table IV. 
Amino acid comlmsition of GI and CB fragments from the amino acid sequence and from amino acid analysis. 

Amino acid Residues/fragment Residues/G 1 
CBI CB2 CB3 

Aspartic acid 108}(18) 21 (31) 
Asparagine 11J 
Threonine 12 (12) 19 (20) 
Serine 15 (15) 34 (34) 
Glutamic acid 4} 11} 
Glutamine 3 (7) 10 (21) 
Protine 6 (6) 7 (7) 
Glycine 14 (13) 17 (17) 
Alanine 15 (14) 27 (27) 
Valine 8 (8) 17 (17) 
Methionine 0 (0) 0 (0)  
Isoleucine 7 (7) 9 (9) 
Leucine 12 (12) 21 (21) 
Tyrosine 4 (4) 14 (14) 
Phenylalanine 3 (3) 15 (15) 
Histidine 0 (0) 4 (4) 
Lysine 2 (2) 5 (5) 
Arginine 6 (6) 6 (6) 
Homoserine 1 (1) 1 (1) 
2-pe-Cysteine 0 (0) 6 (5) 
Tryptophan 3 8 

125}(19) 

42 (41) 
35 (34) 

114}(15) 

9 (9) 
14 (15) 
21 (21) 
15 (15) 
0 (0)  
7 (7)  

10 (ll) 
9 9) 
3 4) 
0 O) 
5 5) 
6 6) 
0 O) 
3 3) 
7 

43 
24} (67) 

73 (73) 
84 (84) 
26 
17} (43) 

22 (23) 
45 (45) 
63 (62) 
40 (40) 

2 (2)  
23 (23) 
43 (45) 
27 (27) 
21 (22) 
4 (4) 

12 (12) 
18 (18) 

9 (8) 
18 

The values in parenthesis were determined by amino acid analysis. 

still unknown, because the protein sequencing 
was performed only on the deglycosylated pep- 
tide (43). However, from both the number of 
identified and the total number of O-glycosyl- 
ated positions in Tca2-1, the majority of the resi- 
dues m T2-dTca2-1 are suggested to be glycosyl- 
ated (43). In addition CB3 was found to contain 
one residue ofglucosamine, which has not been 
located in the primary structure. The absence of 
Asn-X-Ser/Thr sequences in CB3 excludes the 
possibility of a partially N-glycosylated residue. 
In agreement with the suggested localisation in 
an O-glycosidically linked oligosaccharide unit, 
one residue of glucosamine was lost upon HF- 
deglycosylation of G1. The residues in the seg- 
ment Leu(519)-Gly(526) were only determined 
from the cDNA (Table III). The different C-ter- 
minal sequence reported earlier for G 1 (44) prob- 
ably reflects the difficulties encountered in inter- 
pretation of results from carboxypeptidase diges- 
tion of the long polypeptide chain. 

The amino acid composition of the three CB 
fragments and of G1 obtained by amino acid 
analysis, were compared with the composition 
calculated from the amino acid sequence (Table 
IV). Only minor differences were observed. Gen- 
erally the contents of 2-pe-cysteine were lower 
than the number of half-cystines (Tables I and 
IV). In the CB3 fragment the phenylalanine con- 
tent was approximately 25% too high, perhaps 
due to the presence of a hydrolysis resistant com- 
pound coeluting with phenylalanine in the chro- 
matogram of amino acids. The N-terminal CB 
fragment was low in alanine, threonine, and leu- 
cine (Table I). This probably reflects that a frac- 
tion of the G1 molecules exist in a form which 
lacks the three N-terminal residues (44). As can 
be seen from Table IV the content ofasparagine 
in GI was 56% of that of aspartic acid residues 
and the content ofglutamine was 65% of the glu- 
tamic acid content. Along the polypeptide chain 
the frequency of the amides was rather constant 
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in CB1 and CB2, whereas the acids dominated in 
CB3. This is in agreement with G2 having a high- 
er isoelectric point than GI (44). 

Earlier attempts to determine the molecular 
weight of glucoamylase G1 gave values varying 
from 52,000 to 110,000 (11, 23, 33, 35, 44). From 
the complete amino acid sequence the molecular 
weight of the polypeptide chain was calculated to 
be 65,424. The carbohydrate contents of the 
present preparation of G1, determined from the 
separated CB fragments, were 99 residues of neu- 
tral carbohydrate (mannose equivalents) plus 
five residues of glucosamine assumed to be 
N-acetylated. This corresponds to a molecular 
weight of the carbohydrate moiety of 17,053. 
Thus the molecular weight of the present prepa- 
ration ofglucoamylase G1 from Aspergillus niger 
was calculated to be 82,477 x~. In the literature, 
varying contents of neutral carbohydrate from 
8-20% (wt/wt) and no content of hexosamine 
have been reported for G1 from A. niger (35). 
However, afew other fungal glucoamylases con- 
tain hexosamine (17, 35, 45). 

No homology was apparent between the pri- 
mary structures of Gl and or-amylases described 
in the literature (14, 21, 31, 37, 46, 47). Three 
fungal carbohydrases, a mycodextranase (36), a 
cellobiohydrolase (9, 13), and the glucoamylase 
G1 (34, 44), which all attack insoluble substrates, 
i.e. fungal cell wall polysaccharides, cellulose, 
and raw starch, respectively, are all glycoproteins 
carrying an unusually large number of short 
O-glycosidically linked oligosaccharide units. 
Recently the determination of the amino acid 
sequence of the cellobiohydrolase (9) was com- 
pleted by aid of  molecular cloning (40), but no 
sequence homology was found between this en- 
zyme, which possesses a glycosylated region of 
about 15 amino acid residues, and glucoamylase 
G1. It is still not known, whether the glycosylated 
region is required for the formation of the insolu- 

x) Recent experiments in this laboratory have rein- 
vestigated the sedimentation equilibrium behaviour of 
G1. The molecular weight was now in better agreement 
with the calculated value. The reason for the much 
lower published value of 52,000 (44) is in part, that a 
very long period of time was needed to reach equi- 
librium (Ms. HANNE MOLLER and Dr. TORBEN GRAVES 
PEDERSEN, unpublished observations). 

ble enzyme substrate complexes. However, G2 
does not digest raw starch, but is glycosylated to 
the same extent as G1 (44). Moreover it has a 
C-terminus corresponding to a position near the 
C-terminal end of the glycosylated region in GI. 
This suggests that other structural features are 
required to achieve digestion of the insoluble 
polysaccharides. 

The glucoamylase G1 sequence presented has 
very recently been confirmed from residue 55 to 
614 by the sequence ofcDNA clones constructed 
from the G1 mRNA (to be published elsewhere). 

Note added in proof." Recently, sequencing of 
cDNA synthesized complementary to the 5' end 
of the G1 mRNA suggests Asp in position (47) 
and the sequence Thr-Trp to be inserted between 
Tyr (50) and Thr (51) in Figure 2. 
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